Abstract-Recent fabrication techniques have enabled the incorporation of crystalline and amorphous silicon materials inside silica capillaries to produce optical fibers with silicon photonics capabilities. This paper will review recent efforts to develop compact nonlinear devices from the silicon fiber platform via advanced post-processing techniques. Two forms of devices will be discussed; tapered silicon core waveguides and whispering gallery mode microresonators. These fiber-based devices will be of a great interest for applications in all-optical signal processing.
INTRODUCTION
Silicon is a key material for semiconductor photonics and has underpinned much of the recent growth in this field. Technological breakthroughs such as signal amplification, light generation, and all-optical modulation have been demonstrated in silicon waveguides. All of these have relied on the exploitation of silicon's high third order nonlinearity, Ȥ (3) [1] . However, a prominent challenge for the planar devices is to achieve an efficient coupling of light between the conventional fiber network to the waveguide. Recently, a new class of optical fiber with a semiconductor core and silica glass cladding has been fabricated using one of two distinct paradigms; modified chemical vapor deposition (CVD) [2] or molten core drawing (MCD) [3] . One major distinction between the two techniques is the temperature regime that they operate at. The lower temperature CVD approach allows step-index fibers with hydrogenated amorphous silicon (aSi:H) cores with diameters in the range ~2-6 μm to be produced, while the high temperature MCD approach produces fibers with large poly-crystalline (p-Si) cores (16-50 μm), but has the advantage of producing long kilometer lengths. These semiconductor fibers maintain many of the advantageous properties of the commercial silica fiber such as robustness and flexibility, as well as offering the potential for seamless integration within existing networks. However, much of the initial attention was given on a-Si:H fibers due to the large Kerr nonlinear refractive index, n2, and relatively modest nonlinear two-photon absorption (TPA), ȕTPA, at telecom wavelengths, which combined provide a high nonlinear figure of merit (FOM) [4] . More recently, advances have been made using standard optical fiber post processing techniques to tailor both the material and waveguide properties of the fibers beyond what has been achieved in their on-chip counterparts.
In this paper, we will review the progress in the development of compact nonlinear devices from the silicon core fiber platform via post-processing techniques. Novel geometries such as tapered silicon waveguides and whispering gallery mode (WGM) microresonators were fabricated from silicon core fibers. These devices offer a unique approach to tune the light confinement to achieve enhanced nonlinear interactions and a high speed optical signal processing. In the first section of this paper, we will describe the characterization of the silicon core fibers, from which the fibers will be postprocessed to realize novel devices. This will be followed with the fabrication details and the experiments to demonstrate device functionalities, for use in signal modulation and processing.
II. CHARACTERIZATION OF SILICON CORE FIBERS
The nonlinear pulse propagation in silicon core fibers can be described by modified nonlinear Schrऺdinger equations (NLSE), together with a coupled equation for the free-carrier density ܰ [4] :
where A represent the slowly varying pulse envelope, ȕ2 is the group velocity dispersion (GVD) and ߙ is the linear loss. The complex nonlinear parameter is given by:
Τ , in terms of the Kerr n2 and the TPA coefficients ȕTPA, as well as the fiber mode area ‫ܣ‬ eff . The free-carrier parameter is described by: ߪ େ = ı (1+ iȝ) Nc, where ı is freecarrier absorption, ȝ is the free-carrier dispersion and ߬ is the carrier lifetime. A detailed explanation on NLSE can be found elsewhere [4] . Using this form of the NLSE to fit the experimental results, we have determined the nonlinear parameters for the ~6 μm a-Si:H core fiber with ߙ = 2.1 dB/cm at 1.54 μm to be: ȕTPA = 0.70 cm/GW, ߪ େ = 1.0×10 í16 cm 2 and n2 = 1.71×10 í13 cm 2 /W, to yield a FOM ~1.6, which is around two to three times larger than that of crystalline silicon (c-Si) at this wavelength [4, 5] . More recently, significant efforts to optimize the fabrication process have produced low loss fibers with ߙ = 0.9 dB/cm at 1.54 ȝm and reducing to 0.29 dB/cm as the wavelength is increased out to the mid-infrared regime at 2.7 ȝm [6, 7] . For the smaller core fibers with diameters ~2 ȝm, the linear loss of ߙ = 2.8 dB/cm at 1.54 ȝm is only slightly higher than the ~6 μm a-Si:H fibers, and the value drops to 0.8 dB/cm at 2.4 ȝm wavelength [6] . It is worth highlighting that all of the initial nonlinear characterizations in silicon fibers have been performed on the deposited fibers with a-Si:H core. The large core, as-drawn pSi fibers usually exhibit losses greater than 20 dB/cm, which in particular, will preclude nonlinear pulse transmission in the fibers. [8, 9] .
III. TAPERED POLYSILICON FIBER DEVICES
The p-Si material holds great potential for the development of cheaper and flexible on-chip photonics platforms that can be integrated into large scale architectures [10, 11] . The optical and electronic properties of p-Si materials can be comparable to c-Si, making p-Si a promising material for future optoelectronics devices. However, the high optical loss in p-Si, which is due to the light absorption and scattering at the grain boundaries, make producing high performance devices challenging [10] . For p-Si fibers, different post-processing methods have been employed to improve the material quality and yield low loss fibers. For instance, the lowest losses reported for furnace annealed p-Si fibers with ~6 ȝm core dimensions are in range of 6-8 dB/cm [12] . However, the losses can be further reduced to 5 dB/cm in the 2 ȝm core fibers and 2 dB/cm in the large 10 ȝm core fibers when treated with a laser annealing process [13, 14] . An alternative post-processing method makes use of a fiber tapering procedure. Tapering will introduced longitudinal variations to the size of the fiber to reduce the core dimension for higher light confinement. The heating and melting during the tapering will recrystallize the core to increase the grain size [15] , which is vital to reduce the transmission loss in the p-Si fibers. Significantly, with a combination of the small (few microns to hundreds of nanometer-sized) core dimension and low transmission loss, a framework to develop nonlinear fibers from the p-Si can be realized.
Our work has pursued a modified tapering method to postprocess the ~10 ȝm core p-Si fibers [8] . The fiber is first sleeved inside a thick silica capillary and then tapered using a hot filament. During the procedure, both the silica sleeve and fiber cladding soften, while the molten core takes the shape of the cladding and recrystallizes as it cools. Fig. 1(a) shows the longitudinal image of a tapered p-Si fiber with a smooth and continuous transition along the length. We obtained a range of core sizes and Fig. 1(b,c) shows the cross-sections of 0.6 μm and 0.9 μm tapered fibers, respectively. The Raman spectra, as shown in Fig. 1(d) indicates an enhanced crystallization in the p-Si core due to the tapering process, where the wavenumber is reduced closer to that of the c-Si reference (wafer). Notably, the downshift in the position of the Raman peak with respect to the reference is due to stress induced in the core material [2] .
The transmission measurements within the submicron core tapered fiber resulted in the lowest recorded value of ߙ = 3.5 dB/cm for any p-Si waveguide. This has subsequently allowed for the first demonstration of nonlinear pulse propagation in this material, as shown in Fig. 2 . Fitting these results with the NLSE reveals the best values of ȕTPA = 0.7 cm/GW, ߪ FCA = 1.45×10 -17 cm 2 , and n2 = 5×10 -14 cm 2 /W. Notably, these parameters are within the range of high quality c-Si waveguides [16] , verifying the benefit of post-tapering processes for improving the material quality and the overall performance of the fibers. Furthermore, our work has set the foundation to grow single c-Si within the core of optical fibers [9] , which would be interesting for the development of in-fiber electronics devices. 
IV. SILICON-BASED WHISPERING GALLERY MODE MICRORESONATORS
Power efficient, compact and ultrafast data processing schemes are required to facilitate high bandwidth communication networks. However, recent demonstrations of signal modulation and processing in silicon waveguides have all required high powers [17, 18] . Optical microresonators with high quality factors (Q) can strongly confine light both spatially and temporally to provide high intracavity intensity for reduced nonlinear thresholds. Thus, microresonators are ideally suited to performing signal modulation at low powers. In our experiments, the mechanism for signal processing in a microresonator is based on the nonlinear refractive index change, which is instantaneous and acts to shift the position of the WGM resonance. If a weak probe is centered on the resonance of the 'cold' cavity, the index change will switch the weak probe into and out of the resonance mode, as such the probe will be turned on-and-off. The three main mechanisms for signal modulation in microresonator are Kerr nonlinearity, thermo-optic effect and free-carrier refraction [19] [20] [21] , but the former is a more preferable approach as the Kerr nonlinearity has a response time on the order of femtoseconds (fs) for ultrafast signal manipulation. Fig. 3 shows the silicon fibers that have been postprocessed to form WGM microresonators. The cylindrical microresonator ( Fig. 3(a) ) is fabricated by etching away the silica cladding from the ~6 ȝm core a-Si:H fiber, and the spherical microresonator (Fig. 3(b) ) is fabricated by heating the tip of p-Si fiber (dimension as shown in Fig. 3(c) ) with a series of stable CO2 laser pulses to form a hybrid silica glass/p-Si core microresonator with 115 ȝm outer and 108 ȝm inner diameters, respectively. The characterization from the transmission spectrum of both cavities results in loaded quality factors of Ql ~2×10 4 and Ql ~2×10 5 in the cylindrical and spherical microresonators, respectively. Notably, the improvement of Ql in the spherical microresonator is due to the hybrid configuration, where the WGMs are largely confined within the low loss cladding and the spherical shaping provides higher mode confinement. The high Ql and Kerr nonlinearity have resulted in large Kerr shifts in the WGM resonances under femtosecond pump excitation and these have afforded an opportunity for the first demonstration of ultrafast signal processing in fiber-based silicon microresonators. The continuous (CW) signal modulation via pump-probe measurements in a-Si:H cylindrical and hybrid spherical microresonators are shown in Fig. 4 . The ~3 dB modulated signal in Fig. 4(a) is achieved when fs pulses with Pave ~20 μW (Pp ~20 mW) are coupled into the a-Si:H cylindrical microresonator via an on-resonance pumping configuration. However, the recorded switching threshold is as low as Pth ~5 μW (Pp ~5 mW), which corresponds to only 0.3 pJ pump energy. The switching time is on the order of cavity lifetime, τ ~10 ps. For the hybrid silica glass/p-Si core spherical microresonator, the ~6 dB modulated probe in Fig. 4(b) is recorded at pump Pave ~10 mW. Due to the off-resonance pumping configuration, i.e., the pump is not coupled into a resonance mode, it is not possible to determine the switching threshold for this cavity. However, in this instance, we expect the on/off switching time to be on the order of subpicosecond pump, which is an order of magnitude faster than our a-Si:H cylindrical microresonator. Fig. 4 . All-optical Kerr switching of weak CW probe in (a) a-Si:H cylindrical microresonator [22] and (b) hybrid spherical microresonator [23] . Insets: the position of CW probe with respect to cold cavity resonance dip.
V. CONCLUSION
Silicon core fibers have been post-processed to fabricate highly functional nonlinear devices for ultrafast all-optical signal processing. A tapering process has dramatically reduced the transmission losses to permit nonlinear pulse propagation, while compact microcavities have allowed for low threshold signal modulation. In future, we strongly believe that these novel silicon devices could be utilized in a much wider range of applications including biological sensing and fundamental science investigations.
